To extend soft x-ray microscopy to a resolution of order 10 nm or better, we developed a new nanofabrication process for Fresnel zone plate lenses. The new process, based on the double patterning technique, has enabled us to fabricate high quality gold zone plates with 12 nm outer zones. Testing of the zone plate with the full-field transmission x-ray microscope, XM-1, in Berkeley, showed that the lens clearly resolved 12 nm lines and spaces. This result represents a significant step towards 10 nm resolution and beyond.
Introduction
Recent advances in nanotechnology and science have highlighted the need for analytic tools that provide elemental and chemical information with large penetration depths, on a spatial resolution of order 10 nm or better. Currently, X-ray analytical imaging techniques such as zone plate based microscopy [1] [2] [3] , holography [4, 5] , and "lensless" imaging [6] [7] [8] [9] and combinations such as ptychography [10] are under development to offer these capabilities. One instance of zone plate based microscopy with a large and diverse user community is the soft x-ray full-field microscope, XM-1, at the Advanced Light Source Synchrotron. The microscope covers a spectral range from 250 eV photon energy (~5 nm wavelength) to 1.8 keV (~0.7nm), encompassing primary K and L atomic resonance of many low-Z elements and transition metals such as C, N, O, Ti, Fe, Co, Ni. With a penetration depth from a few tens of nm to a few µm, the XM-1 microscope is suitable for biological imaging in the water window [11] [12] , magnetic nanostructures with both elemental and spin-orbit sensitivity [13] [14] [15] , and studies of wet humic samples [16] [17] and cement composites [18, 19] . The XM-1 microscope utilizes the bending magnet radiation from a synchrotron, focused by a large condenser zone plate onto the sample (Fig. 1) . The "micro" zone plate (MZP) re-focuses the sample at high magnification to form full-field images on a back-thinned, back-illuminated 2048x2048 pixel array CCD camera. The condenser zone plate (CZP), with a central stop, not only provides hollow-cone illumination for imaging, but also spectrally filters the illumination using a pinhole, achieving the desired partial coherence and a monochromicity, λ/(∆λ), of about 500 over a typical 10-µm-diameter field of view. Both zone plates were fabricated in-house, with electron beam lithography [20] . The spatial resolution of a zone plate based microscope depends on both the illumination, the numerical aperture of the micro zone plate, and the object. It is equal to
λ is the wavelength, NA MZP is the numerical aperture of the micro zone plate (MZP) on the object side, and k 1 is an illumination and object dependent constant, which ranges from 0.29 to 0.5 for equal line and space objects [21] . For a zone plate lens used at high magnification and ignoring the spherical aberration correction term, NA MZP is equal to λ/(2∆r MZP ) [22] , where ∆r MZP is the outermost (smallest) zone width of the MZP. For the partially coherent illumination [23, 24] utilized here, k 1 ≅0.4 and thus the theoretical resolution is 0.8∆r, as calculated using the SPLAT computer program, a 2-D scalar diffraction code which evaluates partially coherent imaging [25] . The spatial resolution achieved to date has been limited by the ability to fabricate very small zone width with the required placement accuracy.
Here we report a significant milestone in the diffractive optical performance of Fresnel zone plate lens based imaging to a resolution of 12 nm. This is based on a new variation of the double patterning electron beam lithography technique for zone plate fabrication, which removes some of the limitations imposed on dense patterns from short-range scattering of electrons and other fabrication issues.
New double patterning nanofabrication technique for 12 nm zone plates
In conventional zone plate fabrication, a zone plate pattern of dense circular rings is exposed by electron beam lithography in a single step, which after development and further pattern transfer steps, is then electroplated with metals such as gold or nickel. Electron beam broadening, finite beam size, and other factors limit fabrication of narrow, dense zones. Since fabricating only semi-isolated features reduces these limiting effects, we previously developed an overlay "double patterning" fabrication technique [2] in which a dense zone plate pattern was divided into two less dense, complementary sub-patterns. These two sub-patterns were sequentially fabricated and overlaid with one another with high accuracy, producing the desired pattern ( Fig.2 ). Using a fabrication process based on this technique, we have successfully realized zone plates with 15 nm outer zones (∆r MZP = 15 nm) and achieved clear imaging of lines and spaces with a 15 nm half period. Fig. 2 . An illustration of the double patterning nanofabrication technique for micro zone plate fabrication. The zone plate is composed of odd-numbered opaque zones (black) and evennumbered transparent zones (white). Set I (right pattern), containing zones 1, 5, 9 …, and its complement, set II (center pattern), are fabricated sequentially to form the desired overlaid micro zone plate.
In spite of significant efforts, this double patterning fabrication process did not scale down reliably. As a result, we developed a new variation with higher patterning fidelity to fabricate zone plates with 12 nm outer zone widths. The new process uses hydrogen silsesquioxane (HSQ) as the recording medium (resist), which after exposure becomes insoluble in base developers. After the first sub-pattern (set I in Fig. 2 ) is exposed onto a silicon nitride membrane, the pattern is developed and inspected. The next step is to give the field a large blanket electron dose to halt further pattern development. Next, short "buttresses" are made in the outer zone region to provide mechanical support for the narrow zones in subsequent steps. To complete the double patterning, fresh HSQ is reapplied, and the complementary pattern (set II in Fig. 2 ) is exposed and developed on the same substrate. The two complementary patterns are then electroplated into the desired zone plate, which improves yield over the two separate plating steps in the previous double patterning process [26] .
Accurate pattern alignment is critical to successful fabrication using this new process. Specifically, for diffraction limited zone plate performance, alignment error must not exceed one-third of the smallest zone width [27] . Using an in-house alignment algorithm [28] , we calibrated the electron beam deflection to the pre-fabricated alignment marks on the resistcoated wafer before each sub-pattern exposure. This technique greatly reduced systematic alignment errors, allowing us to consistently achieve a sub-pixel (1.75 nm) overlay accuracy. In Fig. 3 , a scanning electron micrograph shows the outer zone region of a 12 nm zone plate fabricated using this process, revealing near but not perfect alignment of the opaque zones. Fig. 3 . A scanning electron micrograph of a zone plate with 12 nm outermost zone, fabricated in-house using the new double-patterning process. Shown in the inset is a more detailed view of the outermost zones. The overlay accuracy is measured to be 1.6 nm. The breaks in the gold zones are caused by the buttresses pseudo-randomly placed in the outer zone region for improving the mechanical stability of the resist structure during the fabrication process
The overlay accuracy was measured as 1.6 nm ± 0.6 nm. The gold plated zones are 30 nm thick, giving an aspect ratio of 2.5:1. The calculated diffraction efficiency to first order is 1%, which is then multiplied by the transmission of the substrate and plating base (63%), giving an expected total efficiency of 0.6%.
Imaging experiment and results at the XM-1 microscope
The focal length of a zone plate scales quadratically with its resolution when the number of zones must be kept constant due to the finite bandwidth of the illumination [22] . The 12 nm zone plate designed for the XM-1 microscope has a focal length of 164 µm at λ= 1.75 nm (iron edge). As a consequence, the focal length was too short to mechanically fit into the standard microscope configuration. In a new configuration used here, the test sample was placed on an independent stage upstream of the MZP stage, which had three axes of motion and modest travel (8 mm, and encoder feedback resolution of about 50 nm). The zone plate was placed on the MZP stage, which also has three axes of motion, of about 25 nm resolution. Both test sample and zone plate were in air, which may affect the imaging result as discussed later. This configuration, illustrated in Fig. 4 , allowed testing at the short focal length of the 12 nm zone plates across the range of wavelengths available to the microscope. Fig. 4 . Imaging setup of the test object and the 12 nm zone plate at the XM-1 microscope. To accommodate the lens' short working distance, the zone plate is placed on the nominal sample plane, while the test object is mounted on an auxiliary stage upstream of the zone plate. Both the zone plate and test object are in air.
Using the 12nm zone plate in this setup, we imaged a variety of patterns including star patterns, pseudo random arrays, and periodic gratings. Fig. 5(a) shows an x-ray image of a gold star pattern obtained at 1.75 nm wavelength. Defects in the pattern can be seen clearly in the image. The zone plate performance can be better appreciated when the image is compared to the scanning transmission electron micrograph of the same test pattern, which is shown in Fig. 5(b) . Numerous defects revealed by the electron micrograph were reproduced in high fidelity by the new zone plate (Fig. 5(c) ). To quantitatively measure the resolution, we imaged grating test objects of known periods with the 12 nm zone plate. These test objects were made of 100 nm thick Mo/Si multilayer in cross section, fabricated in-house using magnetron sputtering [22] and commercially available TEM in-situ lift out technique [29, 30] . To obtain low coherence of illumination, a high NA condenser of 30 nm outer zones was used in this testing. The condenser has a gold thickness of 60 nm, giving an expected total efficiency of 2.3%. The optical configuration (Fig. 1) is as follows: MZP: ∆r MZP =12 nm, 500 zones, 24 µm diameter; CZP: ∆r CZP =30 nm, 40820 zones, 9.8 mm outer diameter, 7 mm diameter central stop; pinhole = 10 µm. The degree of partial coherence [21, 23, 24] , σ , is 0.4, with a central obstruction of 0.28.
The images of 10 nm, 12 nm, 15 nm and 20 nm half-period Mo/Si test objects, obtained at 1.75 nm wavelength (hν =707 eV) with an effective magnification of 5300, are shown in Fig.  6 . The exposure time was 1.5 minutes for the 10 nm, 15 nm and 20 nm half-period test object images, and 1.7 minutes for the 12 nm half-period test object image. The gratings with half periods down to 12 nm are clearly resolved. Due to the difficulty of aligning the optics, stray scattered light was observed in the images and reduced the image quality. The effect is most evident in the 15 nm half-period grating image. For these images, image modulation is Fig. 6 . Soft x-ray images of Mo/Si test patterns obtained with a 12 nm micro zone plate at 1.75 nm wavelength (707eV). The patterns have half-periods of (a) 20 nm, (b) 15 nm, (c) 12 nm, and (d) 10 nm. The lines and spaces can be clearly seen down to 12 nm half-period. Pixel sizes of 3.7 nm and 2.4 nm were used when taking the images (a) and (b), (c) and (d), respectively. estimated by averaging the lineouts along the lines, followed by fitting smooth functions to the lineouts to correct for the non-uniform illumination. Normalized modulation of 0%, 17% ± 7%, 24% ± 5%, and 39% ± 5% were obtained for the 10 nm, 12 nm, 15 nm and 20 nm halfperiod grating images, respectively. Fig. 7 shows the modulation plotted as a function of the grating spatial frequency. The theoretical modulation curve for a 100 nm thick Mo/Si test object at 1.75 nm wavelength was calculated using the SPLAT program [25] for the partially coherent, hollow-cone illumination employed in the experiment, and is included in Fig. 7 . Because the calculation of the modulation curve uses the actual absorption of molybdenum and transmission of silicon at the wavelength used, the theoretical modulation values do not reach unity at large grating periods. As seen in the figure, while the calculation Fig. 4 ) and the lens is on a 100 nm thick silicon nitride membrane window, air turbulence can reduce focusing stability. In addition, vibration of less than 4 nm is requisite for preserving the ultimate resolution of the system. With the presence of numerous potential vibration sources, such a small vibration tolerance might not be satisfied during the imaging experiment. Furthermore, due to high imaging magnification, the field of view is no more than 2.5 µm. The limited/small field of view, combined with modest motor control of the illumination and unstable illumination position on the sample, makes precise alignment of the optics rather challenging. Stray light in the image, as seen in Fig. 6 , is likely caused by misalignment. Aberrations caused by modest lens mounting accuracy, unwanted wavelengths in the peripheral of the condenser illumination, and zone plate fabrication imperfections, can be amplified by slight misalignment. These factors, however, can be significantly reduced using precision engineering and redesigning of the microscope configuration. Plans for upgrading the microscope are underway. We expect that better imaging performance will be achieved with the new system. One should note that the zone edge roughness, caused by the electroplating gold grains (Fig. 3) , could produce flare, an undesirable background scattering, thus reducing image contrast.
Conclusions
With the advances in our double patterning fabrication process, zone plates of 12 nm outer zones were successfully fabricated. Resolution of 12 nm was demonstrated using the zone plate. This result will enable studies of quantitative biology of intact cells' substructures, static and dynamic magnetization behaviours of single domains and self-assembled nanoparticles, particularly in high-density magnetic storage devices, as well as other nano-scale studies in a myriad of scientific and technological fields. With improved experimental setup and fabrication processes, we anticipate further resolution improvement using these zone plates and zone plates of even smaller zone widths. Soft x-ray zone plate microscopy will be a powerful technique for nanoscience and nanotechnology. With the number of x-ray microscopes increasing worldwide, the work presented here would have a significant impact to a broad range of scientific communities.
